With the eventual application of the embryo culture system (ECS) first developed for chickens to endangered avian species in mind, we examined some of the basic features of the ECS in the chick. We demonstrate that embryos cultured in System II for 72 h show a delay in development as well as a wider distribution of the developmental stages attained (range Stages 12-20; mode Stages 17-18) than the control intact embryos (range 15-21; mode 19), and that the developmental stage of the embryos at the time of transfer to System III significantly affected subsequent viability and hatchability. When the Stage 18 embryos were transferred to System III, they showed the best rates of viability and hatchability in the present study. The implications of the results as applied to endangered avian species are discussed.
t is considered urgently necessary to take some measures to preserve endangered avian species [1] . One possible way to do this, we believe, is the application of the embryo culture system (ECS) first established for chickens by Perry [2] and further developed by Naito et al. [3] . Healthy chicks have been obtained with the ECS. If this system can be successfully applied, we may expect to rescue invaluable embryos within abnormal or cracked eggshells of endangered species. Since in the ECS the window of the surrogate eggshell is sealed with clear film, successive developmental stages can be monitored directly. Basic information about development may thus be obtained without killing the invaluable embryos, providing a further means to study endangered species.
The ECS as developed for the chick covers the stages from the fertilized ovum to hatching, and is composed of three systems, System I, System II and System III. System I is used to culture embryos in early cleavage stages obtained from the oviduct. System II followed by System III, or System III alone, is used for embryos obtained from laid eggs. The hatchability of embryos cultured with System III has been shown to be about 50% at best in the chick [3] . Considering that in endangered species only Systems II and III or System III alone can be used, this rate of hatchability obtained in the model Accepted for publication: November 22, 2001 Correspondence: T. Kawashima or K. Hashimoto o r g a n i s m a p p e a r s u n s a t i s f a c t o r y s o t h a t improvement of hatchability in the chick needs to be achieved. In the present study, we attempted to approach this problem by examining some of the factors affecting hatchability.
In the ECS as currently applied to the chick, the timing of transfer of embryos from System II to System III is determined by the incubation period, which is 3 days [2, 3] . In the present study, we first examined the distribution of developmental stages attained by individual embryos cultured under System II for 72 h, and then examined the effect of the developmental stage at the beginning of the use of System III o n subseq uent via bility a nd hatchability. Some of the problems in the ECS as applied to endangered avian embryo s are considered and discussed.
Materials and Methods
Fertilized eggs of White Leghorn chickens were obtained from the genetic stocks at the Livestock Industry Research Institute, Kanagawa Prefectural Government (Ebina, Japan). The laid eggs were prepared for the ECS, System II and System III based on the procedures of Naito et al. [3] .
Surrogate eggshells for the System II culture were selected from unfertilized White Leghorn eggs purchased at local stores, which were about 5 g heavier than the fertilized eggs from which embryos for culture were taken, and were prepared by removal of the tapered end of the eggshells by drilling. The shells were sterilized with 70% alcohol. The thick albumen and chalazas of the fertilized eggs were removed and the embryos were transferred to the surrogate eggshells. The eggshells were then filled with thin albumen, which was collected from unfertilized chicken eggs, and were sealed with clear cling film (Saran Wrap; Asahi Kasei Co., Tokyo, Japan) that was secured with a plastic ring and an elastic band.
The embryos in System II were incubated in the apparatus (model P-008, Showa Furanki Co., Saitama, Japan) for 72 h at 38 C with relative humidity of 70% and with rocking through an angle of 90° at hourly intervals. Control intact fertilized eggs were incubated similarly. Embryos were then examined under a binocular dissection microsco pe and th e de velopmental stages determined according to the criteria of Hamburger and Hamilton [4] .
System III cultures were started with embryos taken from intact fertilized eggs incubated for 48-72 h under the conditions described above. The embryos were examined under a dissection m i c r o s c o p e , t h e i r d e v e l o p m e n t a l s t a g e s determined, and then transferred to System III. Surrogate eggshells for System III cultures were prepared from unfertilized double-yolked eggs of White Leghorn chickens kindly supplied by K. Saito of Aomori Prefectural Experiment Station of Animal Husbandry. These eggs were about 25 g heavier than the fertilized eggs from which embryos were taken for culture, and were prepared by removal of the round end of the shell by drilling. The shells were sterilized with 70% alcohol. Following the transfer of the embryos, the eggshells were sealed with clear film, which was pasted onto the shells with glue made from thin albumen. The eggs were then incubated at 38 C, relative humidity 70%, and rocked through an angle of 30° at hourly intervals for 14 days. They were then placed in a hatcher and incubated at 37.6 C, relative humidity 70%, in a stationary position. The clear film was perforated 1-2 days before hatching to facilitate respiration, and then the film was replaced by a petri dish 6-12 h before hatching. Embryos were considered to be dead when they did not show any sign of gross movement and there was an absence of circulation in the chorioallantonic vascular system as determined by inspection under a dissection microscope.
Statistical analysis was performed by Student's ttest. A probability of less than 0.05 was considered significant.
Results
We examined the developmental stages attained by individual embryos cultured under System II for 72 h, and compared the distribution of stages with those of the control intact embryos incubated for the same period (Table 1 ). There was a clear delay in development of the System II cultured embryos: the modes of the developmental stages attained were Stages 17-18 in the experimental and Stage 19 in the control group. Furthermore, the System II cultured embryos showed a wider distribution of stages (range, 12-20) than the control embryos (range, 15-21). Significantly, no difference between the experimental (8%) and the control (9%) group in the frequencies of degenerated embryos was observed. To facilitate easy comparison, the days in Fig. 1 are shown counting the day of egg laying (from which embryos were taken after incubation) as Day 0, and line graphs are shown for the embryos started from Stages 14, 16, 18, and 20, respectively, in System III. Until Day 7, embryos started from various stages showed similar rates of viability. Starting from Day 8, the Stage 18 embryos always showed the highest viability, followed by the Stage 20 and 16 embryos, and finally by the Stage 14 embryos, which always showed the lowest viability. Throughout most of the incubation period until Day 20, the viability decreased gradually. A sudden sharp decrease was observed on Day 21. At that time, the most notable abnormality was the incomplete retraction of the yolk sac. The rate of hatching was 48 % in the Stage 18 embryos, 34 and 31% in the Stage 20 and 16 embryos, respectively, and only 24% in the Stage 14 embryos. The rate was 74% in the control intact embryos.
We examined the extent of amnion formation (open or closed) in intact embryos at various developmental stages ( Table 2 ). In accordance with the description of Hamburger and Hamilton [4] , no Stage 16 embryos (number examined, N=10; Fig. 2a Fig. 2c and f) had a closed amnion.
We recorded individual egg weights at the onset of the System III culture and individual chick weights upon hatching ( Table 3 ). The ratio chick we ight/egg we ight showe d no signif icant 1 Chick embryos from the newly laid eggs were cultured with System II. As a control, intact embryos from newly laid eggs were cultured for the same period. 2 Developmental stages were determined according to the criteria of Hamburger and Hamilton [4] . 
Discussion
Since healthy chicks can be obtained through the use of ECS, it may be expected that ECS will provide a useful tool for recovering invaluable embryos from abnormal or cracked eggshells of endangered avian species. In the present study we have shown that the development of embryos progressed more slowly and the developmental stages attained by individual embryos varied more widely under System II than in intact embryos. Apparently the ECS technique as currently employed has not yet been perfected. The surrogate eggshell may not be the perf ect substitute. One further point may be worth considering. Naito et al. [3] reported that the When applying the ECS to other, particularly endangered, avian species, it is important first to know the developmental stage in order to obtain t h e b es t r es u l t s i n te r m s o f v i a b i l i ty a n d hatchability. This may seem tedious, but is not too difficult to determine in practice. The System II culture with clear film to cover the surrogate e g g s h e l l c a n b e e x a m i n e d e a s i l y a n d t h e developmental stages can be determined without difficulty.
Whether the staging in other avian species can be made essentially following the pattern in the chicken and whether the "Stage 18" embryos in such species will provide the best material for intro du ct ion into Sys tem III rema in to be determined. Amnion formation in the chick embryos begins at Stage 12 and is completed (closed) at Stage 18 [4] . The amnion is a liquidfilled sac that surrounds the embryo and performs a protective function [5] . In the System III culture, the embryo, which sits on the top of the yolk, is exposed to the atmosphere in the surrogate eggshell [2] . Naito et al. [3] pointed out the importance of the position of the embryo during culture in System II. It may be that the embryos at earlier stages, with the amnion formation still being incomplete, are badly affected by direct exposure to the atmosphere upon transfer to System III.
The viability and hatchability in the embryos at Stage 20 transferred to the System III culture were lower than those at Stage 18. The yolk of Stage 20 embryos was very fragile, and we observed that some of these yolks were deformed in the surrogate eggshells. This may explain the lower viability and hatchability in the Stage 20 embryos employed to start the System III culture.
We noted that the viability of the System III cultured embryos decreased drastically on the last day before hatching. Previous workers also noted the same sharp decrease in viability on the last day [2, 3] . Almost all the dead embryos just before hatching had failed in retraction of the yolk sac. The change in the respiration system in this period, from the chorio-allantoic membrane to the lung, should also be an important factor. A similar phenomenon had been observed in intact embryos (data not shown). The remarkable decrease in viability in this period may be connected to dynamic morphogenetic movement such as retraction of the yolk sac. It seems that this period is one of the most important barriers to hatch both in intact and cultured embryos. We consider this the most important barrier we have to overcome in the chick ECS, and it will be particularly critical when we attempt to apply the ECS technique to endangered avian species. Since essentially the same pattern of decrease was observed for all the System III cultured embryos started at various developmental stages (Fig. 1 ), the culture system itself may have a defect in this respect regardless of the developmental stage of the embryos upon s t a r t i n g t h e EC S . I n t h i s c o n n e ct i o n o u r observation that the most frequently noted abnormality was the incomplete retraction of the yolk sac may be important.
In the present study, we took the ratios of chick weight to egg weight as a measure to determine whether the chicks were healthy. These ratios were within the normal range (61.5-76.0, average 68.0 %) [6] . This suggests that we may be able to obtain healthy progeny even for endangered species with the ECS, but the ratio of chick weight to egg weight in the cultured embryos was significantly lower than that in the control embryos. This may be related to the observation that the chicks hatched from surrogate eggshells are generally weaker than those from intact eggshells. Water loss during culture is the major factor determining the weight of chicks [7] . The surrogate eggshell and clear film to cover the opening are the cause of water loss in the System III culture. This may not be critical in the chicken, but may be so in other avian species.
This represents still another point we have to attempt to improve.
In applying the ECS to endangered avian species of whose development we have little knowledge, it seems the safest at the start to use embryos at the stage when the amnion formation is complete and the yolk is not yet fragile, and to transfer them to System III.
